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Perth BasinGeological models, as structural representations of the subsurface, are increasingly used for regional scale
geological analyses and research studies. In this context, it is often essential to use geological legacy data,
for example in the form of printed well logs, seismic sections, or maps and interpreted cross-sections
from previous reports. A problem when using this type of data is that standard modeling methods and
workﬂows are optimized towards applications in hydrocarbon and mineral exploration where data are
usually newly acquired and of a high quality. Although recent developments address the modeling side
for regional models with novel concepts and ideas, the possibility to change the workﬂow on a conceptual
level has, to date, not been addressed.
We examine here how we can use legacy data more efﬁciently and sustainably, in a model construction
workﬂow that leaves the typical sequential path of model development. In the common approach, a
single best-ﬁt model is continuously updated or reﬁned when additional data become available. We test
here the application of a parallel type of model construction where multiple models can be generated on
the basis of different input data sets. Geological data and models are strictly separated, and this allows us
to (a) use geological models to test quickly the spatial consistency of different geological data sets, and (b)
to allow for an approach where we ﬁnally obtain multiple geological models as different hypotheses
about the subsurface structural setting. Both aspects are especially important for the application of legacy
data, as the data quality is always difﬁcult to assess.
The concept is applied to a geological model project of the Perth Basin, Australia, where we show how it
enables us to quickly revise and update the (previously constructed) model with additional data (e.g.
newly available digitized legacy data), to evaluate the spatial consistency between different legacy data
sets and interpretations, and to test different hypotheses. In our point of view, this is an important aspect
towards a sustainable approach for geological modeling as it allows a very ﬂexible and transparent use of
different data sets for model construction – and therefore a more sustainable use of legacy data itself in
the increasing use of subsurface representations using 3D geological models.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Geological models are widely used to represent the setting of
main geological structures in the subsurface, and therefore they
are often considered the logical extension of a geological map into
the third dimension [27]. Methods and workﬂows to construct
these models were, to date, mainly tailored towards applications
in hydrocarbon reservoir and mine scale studies where geological
data are usually abundant and of high quality [15]. However,geological models are increasingly used in other ﬁelds and on dif-
ferent scales, from scientiﬁc studies to the general visualization for
education and outreach. In addition, geological survey organiza-
tions worldwide are adapting 3-D geological models as a standard
to visualize and communicate the geological setting of entire states
and countries [2,27]. Where no new high quality data is available
for the model in these types of applications, all available informa-
tion and data has to be taken into account, including a wide range
of geological legacy data.
Based on these requirements, several novel modeling methods
have been developed to incorporate multidisciplinary datasets into
consistent 3D geological models, and examples are presented and
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methods marks a step change in the process of the model genera-
tion itself, the general workﬂow of model construction has not
been revised. The commonly used workﬂow in geological model
construction can be summarized with the following steps: (1)
integration of all available geological data in a data base, (2) the
deﬁnition of a stratigraphy, (3) construction of cross-sections (usu-
ally based on geophysical information), (4) interpolation of the
data to obtain a full 3-D geological model, and ﬁnally (5) validation
of the model with additional information (for example through
forward calculated gravity response). Detailed examples of this
workﬂow are, for example, presented in [2]. The described work-
ﬂow follows a logical and sequential path from raw data to ﬁnal
model, schematically represented in Fig. 1a. Usually, the employed
methods are ﬂexible enough to revise and extend a model whenFig. 1. Comparison of sequential approach to geological model construction based on iter
hypotheses.additional geological data become available (Step 2 in Fig. 1a).
This workﬂow can therefore be understood as an iterative reﬁne-
ment of one geological model that best ﬁts the data and additional
geological constraints.
However this approach has several severe limitations if the
typical problems of legacy data are considered. Legacy data in
the context of geological modeling range from digital or printed
geological logs and seismic cross-sections to maps published in
reports. These legacy data sets typically contain signiﬁcant uncer-
tainties and, furthermore, different data sets might be geologically
inconsistent. For example, analogue information has to be digi-
tized, quality controlled and assigned with a correct spatial refer-
ence. A further special consideration in the case of geological
data is that the naming convention for geological formations
(deﬁned in the stratigraphy) may have changed over time and thenative reﬁnement of a single model with the proposed method of multiple geomodel
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complicated by the fact that they are interpretations and carry
with them the implicit knowledge and assumptions of the geolo-
gist who created them. It is sometimes possible to evaluate which
part of legacy information can be considered as actual data and
which is mainly interpretation. For example, in the case of inter-
preted cross-sections it is often the case that the position of origi-
nal seismic surveys that were used for the interpretation is known.
Furthermore, the depth resolution of is limited by noise. Both
aspects lead to a distinction of legacy information that can be
considered as based on data, and other information that is mainly
interpretation.
If all these different data sets are included into a model in the
conventional approach (Fig. 1a), it is difﬁcult to judge the inﬂuence
of uncertain and inconsistent legacy data sets on the ﬁnal model. It
is often the case that the data are included and kept in the model if
they ﬁt the previous model iteration, or discarded otherwise. This
method leads to a non-sustainable use of the data. An additional
problem is that the data, once included in a model, become in
sense a part of the model structure. The reference to the original
data set and its potentially limited quality is often not retained.
We suggest here a different conceptual approach to geological
model construction that overcomes these limitations and test it
in the context of a recently developed regional-scale geological
3-D model [28]. As opposed to the sequential nature of the conven-
tional method (Fig. 1a), we propose a structure where changes
occur on the level of the geological data repository, and a geologi-
cal model is always constructed as a potential hypothesis, based on
an extracted data set of the database (Fig. 1b, Step 1). If new data
become available (Step 2), a geological model is constructed with
this additional data to validate the data in the spatial context of
a geological model. If the data are deemed reliable and spatially
consistent, they are ﬁnally added to the central database for further
model construction. Finally, it is possible to extract a different sub-
set of the original database (Step 3) to obtain a model as a hypoth-
esis on the basis of this speciﬁc data subset. This procedure can, for
example, be interesting to evaluate the effect of a particular legacy
data set.
The most essential difference to the standard method is that we
retain the possibility for different models to be possible represen-
tations of the structural setting. Instead of a single ‘‘best ﬁt’’ model,
which is iteratively reﬁned, we retain the possibility to generate
different geological models as valid hypotheses. This procedure
has two main advantages with respect to the sustainable use of
legacy data in the context of geological modeling: (1) the reference
to the original data set is always kept in place, and (2) inconsisten-
cies can be resolved and considered as possible hypotheses in
different geological models. The generated geological models
therefore represent a set of multiple geological working hypothe-
ses [8] and those models can be further validated with additional
data and information. Even though it is often a practical require-
ment to present one ‘‘best ﬁt’’ geological model (i.e. in a consul-
tancy sense, or for a geological survey), we argue that this
procedure adds a level of ﬂexibility that is adding value, especially
when considering the requirements to consider different sources of
legacy data.
In the following, we present the implementation of our work-
ﬂow and its combination with recent developments for implicit
geological modeling. We then show how we applied the concepts
of our framework in the context of a scientiﬁc project, which
included the generation of multiple geological models from
basin-scale to local-scale in the Perth Basin, Australia [28] and
explain how the approach helped us to validate legacy data and
allowed testing different geological hypotheses. Finally, we will
discuss several additional potentials that the proposed workﬂow
has for future implementations of uncertainty analysis.2. Methods for sustainable 3D geological modeling and the use
of legacy data
Creating geological models is not an end in itself. Geological
models are often a representation of the subsurface structural
setting based on a data set that is available at a given point in time.
However, if new data become available, possibilities should exist to
extend models with this information and to validate the spatial
consistency of the data in a three-dimensional setting.
Legacy data is an important part of the multidisciplinary
datasets used in geological modeling. The process of adding legacy
data to a geological modeling project is usually as follows: the
legacy data is quality controlled, then it is cross-checked against
more recent data if available, and at last the 3D geological model
is updated. The issue with this way of proceeding is that rescuing
legacy data is not an aim, it is only a means to improve a given geo-
logical model and therefore there is no sustainable vision for future
use of the data. Rescuing geological legacy data and overall manag-
ing geological data for geological modeling are actually essential
parts of the modeling process. We describe here how we aim to
enable this possibility with a strict separation of data and gener-
ated models.2.1. Data and models
To improve the ﬂexibility and sustainability of geological mod-
els, our approach clearly separates data frommodels (Fig. 2). While
the data, including legacy data, are managed in a 3D database, the
generated 3D geological models are stored in a geomodels
repository.2.1.1. 3D database
All data of a given geological region are managed and stored in
one single 3D database. From our perspective, the main require-
ment for the 3D database was its ability to handle a large variety
of data types, in terms of import and export options, but also for
the 3D visualization. The database also needed a simple but
efﬁcient classiﬁcation system, where queries could be done on
the data stored. For those reasons, we used the software SKUA-
GOCAD as our 3D database, as we had access to it. We acknowledge
however that there might be more suited software and that
although we only used SKUA-GOCAD as a 3D database, its abilities
are far beyond that use [25].
Once in the 3D database, three types of data are differentiated
in our approach:
– ‘‘New data’’ are data whose reliability has not been assessed yet.
– ‘‘Consistent data’’ are data that went through a three stages
assessment. First, they were deemed reliable. Then they were
successfully standardized to naming conventions. At last, they
were consistent with pre-existing consistent data in the 3D
database, including geological data and interpretation data
extracted from geological modeling.
– ‘‘Unusable data’’ are data that have failed one of the three stages
assessment. Those data are either not reliable, impossible to
standardize, or inconsistent with other data stored in the
database. The unusable data can be geological data, but also
interpretation data extracted from geological modeling.
Data that remained stored in the 3D database are either ‘‘consis-
tent data’’ or ‘‘unusable data’’. The ‘‘new data’’ type is only assigned
to datasets that are not yet fully integrated. The distinction
between consistent and unusable data can vary over time for a
speciﬁc dataset. At a given time, certain dataset might seem incon-
sistent given the understanding of the geological setting. But as the
Fig. 2. Interactions between a 3D database, a geomodels repository and the modeling process.
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data’’ to ‘‘consistent data’’, and vice versa. For this reason, we
strictly keep all available information in the 3D database, even if
the data are considered unreliable or inconsistent at the present
stage.
The aim of this 3D database is to have an up-to-date database,
independent from speciﬁc modeling requirements. Therefore the
data stored are not biased and can be used for any purpose in dif-
ferent projects.2.1.2. Repository for constructed geological models
Every time a 3D geological model is created, it generates differ-
ent ﬁles, from data input to the ﬁnal model. All those ﬁles need to
be stored in a repository, independently from the 3D database. The
geomodels repository contains:
– One ‘‘metadata ﬁle’’ that has information about all the models
of the geological region. The information, or metadata, used in
our approach are listed on Fig. 2;
– An ‘‘input data ﬁles’’ section that contains all the input data ﬁles
used for the modeling process, in standard formats;
– A ‘‘model ﬁles’’ section that contains all the output data ﬁles
generated by the modeling process.
In standard modeling approaches, the geomodels repository
often only contains a single geological model. In our approach, all
the geomodels of the same geological region are stored together,
regardless of the purpose of the model or any other consideration.
The aim of this geomodels repository is to make 3D geological
models accessible and reusable. The metadata ﬁle enables us tokeep track of the work that has been done, while the input data
ﬁles ensure that any 3D geological model can be reproduced with
a given modeling method.2.1.3. Modeling process
A 3D geological model is one possible representation of the
geological subsurface, among others. It can be the representation
that ﬁts best the data at a given time, or the representation that
suits best the understanding of the geology. For separate pur-
poses, different modeling methods might be suitable and we
therefore keep the modeling process itself separate from the
data and the model repositories. However, we consider it as a
necessary requirement for a successful implementation of the
proposed framework that the modeling process can be suitably
automated and we apply an implicit interpolation method for
this purpose (see below). The speciﬁc process of linking database
and modeling method depends on the ﬂexibility of the applied
techniques. We used in our implementation purpose-built pro-
grams (for scripting in SKUA-GOCAD and external data process-
ing in Python) to simplify several data-processing steps (see
Appendix A).
In our approach, the modeling process can be used to generate a
single model for speciﬁc needs, but it can also be used to generate
multiple models for slightly different data sets. Multiple models
enable to test different hypothesis, confront conﬂicting data or the-
ories. This approach is particularly interesting when dealing with
legacy data that often are conﬂicting information. Generating only
one model is mostly not a correct representation of the model
ambiguity resulting from this conﬂict. The generation of multiple
models might be more representative then.
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A central piece of the workﬂow is the construction of the geo-
logical model itself. In our applied modeling concept, we need a
ﬂexible method to reconstruct models for adapted or changed
input data sets (Fig. 2). This requirement narrows the possible
modeling methods to those that can be suitably automated to
generate a model realization directly on the basis of the input data
set, or at least without the requirement of too much manual inter-
action. Several recent developments provide promising paths in
this direction (see [15] for an overview). These methods are often
summarized as implicit modeling methods as the structural setting
is implicitly derived from a global interpolation of all available data
and a set of additional constraints.
We apply in our workﬂow an implicit geological modeling tech-
nique that performs a global interpolation of geological contact
information and orientation measurements. The interpolation is
based on concepts of potential-ﬁelds where a modeled geological
surface corresponds to an isosurface in the potential ﬁeld and the
gradients of the ﬁeld are associated with the direction of the
surface orientations. Further geological interpretation, which may
be required in regions of low data density, can be considered in
the form of additional data sets, implemented for the purpose of
model construction. In addition, the interpolation respects geolog-
ically motivated constraints on fault network structure (interaction
between faults and faults with surfaces), the stratigraphic relation-
ship between geological units with a deﬁned order, and the inter-
action between different geological layers (e.g. onlap, erosive). For
technical details of the method, please see [18] and [6].
The most important aspect of this modeling method in the con-
text of our work is that it enables the re-computation of an entire
structural geological model with a changed input data set without
any further manual interaction as long as the additional geological
constraints are altered and the structure of the fault network is
preserved. If these additional aspects are changed, some manual
interaction is usually required, but a model can generally be
re-constructed or adapted in a short amount of time.
The application of this type of geological modeling provides us
with the required efﬁcient method to construct multiple models
for hypothesis testing and evaluation of spatial consistency of
different legacy data sets.
2.3. Data validation through geological modeling
Our approach creates a setup that enables to address complex
situations in a sustainable way. A recurrent problem during model
construction is the situation when the geomodeler has to handle
new data in conﬂict with existing data. We exemplify here how
we deal with these issues in our conceptual approach.
2.3.1. Identiﬁcation of models impacted by new data
When new data is identiﬁed, it is integrated into the 3D data-
base of the corresponding geological region, in the ‘‘new data’’
type. Once its quality assessed, it is standardized and crosschecked
against existing data already stored in the 3D database. However,
in the situation of conﬂicting data, the geomodeler needs to decide
what data to move to the ‘‘unusable data’’, and what data to keep in
the ‘‘consistent data’’. In complex geological setting, such a deci-
sion is not easy to make.
In our approach, the metadata ﬁle of the Geomodels repository
enables to identify all the models impacted by the conﬂicting data
(Fig. 2). Once those models are identiﬁed, the metadata of each
model can be revised and evaluated with respect to the legacy data
sets that were used in the model generation to determine the data
set that led to inconsistencies. These inconsistencies can then often
be resolved. However, even the models based on (seemingly)inconsistent information are kept in the model repository for
future reference.
2.3.2. Geological modeling as a means to test geological scenarios
As data and models are strictly separated, it is possible to
extract any subset of the 3D database and to use it as an input data
set for geological modeling. Conﬂicting data are a great opportu-
nity to improve the understanding of the geological setting, if the
data were assessed as reliable. Our approach enables us to test dif-
ferent scenarios, using slightly different datasets depending on the
conﬂicting data. Input data ﬁles of each scenario are stored in the
Geomodels repository, to keep track of the validation process.
Each scenario leads to the creation of a geological model, as shown
in Fig. 2, and corresponding model ﬁles.
Comparing geological models and testing the impact of the dif-
ferent datasets is the best way to assess the validity of the scenar-
ios, and therefore decide what data are consistent.
2.3.3. Data validation and general updates
Once the validation process is ﬁnished, different updates need
to be done to keep track of the performedmodeling steps for repro-
ducibility of the modeling process. In future work, the 3D database
can be updated, according to the result of the validation process.
The conﬂicting data need to be separated into ‘‘consistent data’’
and ‘‘unusable data’’. The metadata ﬁle of the geomodels repository
also needs to be updated, adding all the scenarios that were tested
in the modeling process.
3. Application to legacy data in the Perth Basin, Australia
We illustrate the application of the proposed modeling frame-
work to the Perth Basin, where geological modeling requires the
consideration of multiple types of legacy data sets. The need for
several geological models in that basin was actually the starting
point of the modeling framework presented in this paper [28].
The Perth Basin is a north–south elongated sedimentary basin
located on the west coast of Australia. It was formed through rift-
ing of Greater India and Australia, and contains a Permian to
Cretaceous succession overlying Precambrian basement. The basin
is divided into sub-basins of similar structural style bounded by
transfer faults. It extends from north to south by 700 km and from
west to east by 150 km (Fig. 3), and covers an area of approxi-
mately 100,000 km2, including both onshore and offshore parts.
3.1. Geological legacy data in the Perth Basin
Most legacy data in the Perth Basin are derived from petroleum
exploration [11]. Geophysical potential-ﬁeld data, 2D seismic lines
and petroleum wells are the types of data collected mainly from
the Western Australia Petroleum and Geothermal Information
Management System (WAPIMS). Along those raw data, interpreta-
tion data such as horizons picking on seismic lines, geological maps
and inferred cross-sections were also gathered. The other legacy
data consisted in water bores, geothermal exploration wells and
published maps.
Around 40% of data used in our modeling project on the Perth
Basin, were data acquired more than 20 years ago (Fig. 3). Some
data even date back to the 1950’s, the early stages of petroleum
exploration in Western Australia.
3.2. Integration of legacy data into the modeling framework
During the model construction phase, we aimed early on to
include legacy data in a consistent manner. We describe here
typically evolving problems with legacy data, how we included
Fig. 3. Age distribution of geological legacy data in the Perth Basin, (a) Petroleum well data, (b) Raw geological data including all well data and seismic lines.
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with existing model hypotheses.
3.2.1. Evaluating the acquisition bias of legacy data
The original purpose of the data acquisition always affects the
quality and validity of a legacy data set and leads to a bias towards
speciﬁc information. The extent of the impact varieswithdata types,
but it is often possible to identify this bias with well data. For
instance comparing two wells that were used in the Perth Basin
modeling project, Cowaramup 4 is a water well, and Whicher
Range 3, is a petroleumwell. Bothwells, drilled in the 1980’s are part
of our datasets. They are located 930 m apart in an unfaulted area of
the South Perth Basin, but the base of the Yarragadee Formation is
inconsistent between the two wells (Fig. 4a).
While petroleum exploration is aiming for deeper geology in the
basin, water wells are often targeting shallow geology. This consid-
eration inmind, a very strongpoint can bemadeonour example.We
consider that a higher conﬁdence can be assigned to the position of
the shallower formations in thewaterwell. Thereforewemodify the
inconsistencies on shallow formations on the petroleum well
(Fig. 4b), considering them a result of an acquisition bias.
On the legacy well data, we also notice that groups and forma-
tions are mixed up on both wells, whereas they correspond to dif-
ferent levels of details in the geology. For Cowaramup 4, the
purpose of the water well was to understand recharge processes.
Therefore there was no need to log in detail very shallow forma-
tions. Instead of identifying the Leederville Formation which is
one formation of the Warnbro Group, the identiﬁcation of the
Warnbro Group was considered sufﬁcient for the purpose of that
well. For Whicher Range 3, the drilling target was the Sue Group,
with no differentiation between the formations of that group.
This inconsistency in the way of logging the geology is once again
a result of an acquisition bias. For a sustainable use of the legacy
data in the modeling process, these types of effects and biases have
to be evaluated and clearly documented.
3.2.2. Challenges of format and name convention changes over time
During the model construction phase, we were often faced with
legacy data in obsolete formats. This is especially the case for seis-
mic data. For a long time, seismic data did not exist in a standardformat. Data formats were dependent on the commercial software
used by the companies processing the data, and those formats
were often commercial and not compatible with each other. For
our modeling work, we had the chance to have access to several
geophysical packages. We therefore managed to import most of
the legacy data and then export and stored them in SEG-Y format,
a well-known interoperable seismic format.
Another issue that can be found in georeferenced datasets is the
use of obsolete coordinate systems. This issue is known for exam-
ple in Australia, where several coordinates systems were used over
the past decades. Once again, seismic data were impacted by this
issue, with in addition some location ﬁles missing. When the loca-
tion ﬁles were available, transforming locations in the standard
coordinate systems was possible. However for the 2D seismic lines
with missing location ﬁles, we had to cross-check their position
with any kind of data that could help us. Having all data in the
3D database and testing it in the spatial context with geological
model hypotheses, was a major help in rescuing those datasets.
An issue that is speciﬁc to geological data is the problem of
names of stratigraphic formations that are adapted or revised
through time. For example, there was a change of stratigraphic
conventions in the Perth Basin. The Cockleshell Gully Formation
was divided into two new formations: the Cattamarra Coal
Measures and the Eneabba Formation. This change mainly
impacted the wells, and to ﬁx this issue, the formation names
had to be updated on all well data (Fig. 4b) to the current strati-
graphic convention of the Perth Basin.
3.2.3. Interpretation bias
Geoscientiﬁc legacy information is often available in an inter-
preted form. Examples include interpreted seismic cross-sections,
geological maps, or lineament interpretations from geophysical
potential-ﬁeld data sets. As geological and geophysical datasets
are often difﬁcult to analyze, it has long been known that interpre-
tations of these data sets can contain signiﬁcant conceptual uncer-
tainties. This perception has recently been conﬁrmed in systematic
studies evaluating the effect of prior knowledge, experience, and
conﬁrmation and availability bias on the interpretation of geosci-
entiﬁc datasets [3,4]. Typical examples include the interpretation
of seismic cross-sections where it could be shown that people
Fig. 4. Well data geology, as shown on modeling software Geomodeller, (a) Legacy data, (b) Wells used in the models.
208 S. Corbel, J.F. Wellmann /GeoResJ 6 (2015) 202–212expecting a certain structure a priori tend to ﬁnd conﬁrmation in
the data for their prior expectation, leading to a re-enforcement
of a potentially wrong interpretation [3].
The difﬁcult choice in using geoscientiﬁc legacy information is
then to determine which part of the information can be considered
as data, and which part is more of an interpretation and subject to
these types of conceptual uncertainties. An intuitive example is the
use of published cross-sections, typically generated on the basis of
one or several seismic surveys, some borehole information and
surface observations, and possibly validated with the use of
additional geophysical measurements (gravity, magnetics). It is
reasonable to assume that the interpretation is more accurate in
areas where one or more of these observations were available,
for example in the range of a seismic survey, or close to a borehole.
Furthermore, it can be assumed that the accuracy decreases with
depth due to increasing noise in geophysical measurements.
One example that we encountered in our study relates to the
interpretation of seismic cross-sections in the North Perth Basin,
interpreted by [23]. Information about the exact position of the
original seismic sections, as well as the locations of the boreholes,
was available, and we considered this information in the digitiza-
tion of the section. In addition, the authors of the report stated
themselves that the interpretation below a 2.5 s in the time
domain of the seismic sections was affected by high data noise
and that several picked horizons below this depth can contain a
high degree of uncertainty [23]. Whenever it is possible todelineate parts in an interpretation that can be considered as
reliable, and others which are less reliable, then this information
can be stored in the interpreted data in the database.
An essential follow-up question is then if this speciﬁc legacy
information is spatially consistent with other available datasets.
As described above, one of the main purposes of our proposed
framework is to enable this type of consistency test. An example
is shown in Fig. 5 where previous interpretations of a gravity data
set were compared to a newer interpretation [9], evaluated with a
different technique based on multiscale edge detection (a method
also known as ‘‘worming’’, see [1]. The newer interpretation was
based on a higher resolution data set, but only covered a subarea
of the previous analysis. However, many of the features in the
legacy data set were conﬁrmed with a geological model con-
structed with this new interpretation, adding conﬁdence in the
legacy data set itself, beyond the spatial extent of the newer study.
These checks for consistency of different datasets are commonly
performed in geological modeling studies. The difference that we
allude to in our framework is that we propose a method that
enables the testing of the effect of the dataset in the context of a
constructed geological model. This is possible as the model con-
struction is kept separate of the dataset itself, and the effect of dif-
ferent data sets can be evaluated and compared at a later stage. We
have here shown how this analysis can be used to test the quality
of a legacy data set, which can then be used in further geological
modeling studies. In the next example, we will evaluate the use
Fig. 5. (a) Vertical gradient of the regional isostatic residual gravity over the Central Perth Basin and the modeled fault network, (b) Gravity 1st derivative worms over the
Perth Metropolitan Area. Several features of the legacy data set were conﬁrmed.
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geological (legacy) interpretations.3.3. Hypothesis testing for geological models
As discussed in Section 2.3, our approach enables us to quickly
compare hypotheses for geological models to resolve conﬂicts
between different legacy data sets. This issue occurs commonly
in structural geological modeling projects and we encountered it
several times in the course of model generation for the scientiﬁc
project in the Perth Basin [28].
We exemplify the problem of competing data sets here with a
case analysis in the South Perth Basin where we tested the effect
of different legacy data sets on the interpreted fault network and
basement structure. One set was derived from an interpretation
by Iasky [14] based on 4000 km of seismic reﬂection data to map
ﬁve signiﬁcant horizons in the South Perth Basin, including the
basement. A different geological model contained a basement
map, estimated from geophysical potential-ﬁeld modeling of grav-
ity and magnetics [10]. In our prior assessment, both basement
maps presented valid interpretations of the basement structure.
For an evaluation of both datasets, we generated structural
geological model realizations for both scenarios. Results are
presented in Fig. 6a where the basement is shown in pink, faults
as blue surfaces, and the sedimentary pile is stripped off the north-
ern part for a better model comparison. The effect of the basement
on the interpretation of the fault network is directly obvious: three
faults present in the DMP interpretation are missing in the Iasky
interpretation (Fig. 6a).
In order to investigate the difference between the two gener-
ated models, especially the impact on the other geological forma-
tions, we calculate a cell-based difference (Fig. 6b). To obtain this
measure, the geological units are identiﬁed with integer values
as stratigraphic identiﬁers and mapped onto a regular grid so that
values increase in the direction of younger units. We then calculate
the difference between these two grids. The obtained difference
value can be interpreted in the following way: a zero valueindicates that a cell belongs to the same geological unit in both
models. A (positive or negative) value of one means that the cell
belongs to subsequent geological units in the model stratigraphy,
and higher values indicate higher differences (see Appendix A for
a link to Python programs that can be used to perform these calcu-
lations with the methods applied in our framework).
The difference values are evaluated at cell centers on a grid of
100  100  100 cells over the model (Fig. 6b). For a better inter-
pretation, regions with the same stratigraphic identiﬁers in both
models are set to transparent. In this example, it is visible that
the different basement interpretation does not only lead to the
analysis of a different fault network, but furthermore has an inﬂu-
ence on the position of geological layers in the model. The offshore
area at the north-west corner of the models is quite different in
each interpretation. While we were focusing on the impact of the
fault network, the difference map nicely shows up that the change
in the fault network is actually negligible compared to the impact
of the different interpretations offshore. It turns out that model (b)
was supported by an offshore well drilled in 1971. However, as
that well was the only one in that large area and as it did not ﬁt
Iasky’s interpretation, it was in at ﬁrst stored as ‘‘unusable data’’.
Along with the DMP legacy data, that well was moved to ‘‘consis-
tent data’’.
The analysis of differences as in the previous example is not
novel in itself, but we want to highlight here that it enables us
an insight into the inﬂuence of different legacy data sets on a con-
structed geological model. Also, as our proposed workﬂow focused
on the strict separation of models and data, these types of compar-
isons of model hypotheses are naturally possible and easy to
perform.4. Discussion
In our manuscript, we presented a framework applying the
concept of multiple working hypotheses [8], to improve the use
of legacy data in the context of structural geological modeling. In
our applied framework, we are able to efﬁciently generate multiple
Fig. 6. (a) Model created to test the DMP basement interpretation [10], (b) Model created to test the Iasky basement interpretation [14], (c) Calculated stratigraphic distance
between the two model hypotheses.
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of this possibility in two essential ways: (1) to evaluate the consis-
tency of legacy information, and (2) to compare the effect of differ-
ent geological legacy data sets in the spatial context of geological
models. The approach is in contrast to the commonly applied
sequential approach for structural modeling where one model is
initially generated, and then subsequently reﬁned with additional
information: we ﬁrst update a central repository when additional
data become available, then generate a new input data set for a
geological modeling process with this data, and create a new
geological model as an additional hypothesis that takes this new
data into account. In this concept, it is also straightforward to gen-
erate a different model hypothesis with a speciﬁc subset of the
data. Overall, we showed how the strict separation between data
and models, in combination with the efﬁcient generation of multi-
ple model hypotheses, contributes to a sustainable use of legacy
information in geological modeling projects.
Our approach is timely, as the construction of structural geolog-
ical models is becoming more commonplace in a large range of
applications and for a wider range of scales, from scientiﬁc studies
to models generated by geological survey organizations, mostly on
a regional scale of entire states or countries [27,2]. In these appli-
cations geological legacy data has to be taken into account, as high
quality and densely sampled novel data is often limited to classical
applications of geological modeling in petroleum reservoir or mine
site studies. The requirement to develop geological modeling
methods that are suitable for these scenarios has been recognized
[2,15]. However, even when only considering newly acquired data,
different data sources and measurements can lead to conﬂicting
interpretations. We advocate here that not only the modelingmethod itself, but also the framework of modeling should be
adapted to address the challenges posed by the use of uncertain
data.
The speciﬁc tools that we combined in order to obtain our
speciﬁc workﬂow are not new in themselves, and so we think that
the approach that we have taken here can be adapted to similar
modeling projects and geological modeling frameworks. We have
applied the methods successfully in a scientiﬁc study that included
the generation of multiple models on several length scales [28].
One speciﬁc requirement in our research project was that we had
to start modeling while legacy data was still being digitized and
searched for – so we needed a framework that would enable the
later addition of data – but not only to one single model, but to a
database from which subsequently multiple models were gener-
ated. This is a quite common case in scientiﬁc modeling studies.
A question that logically follows on the possibility to generate
multiple model hypotheses is how to compare different models.
We showed above the direct comparison between two models
with a 3-D visualization of the local difference between geological
unit ids. This comparison is suitable to evaluate, for example, how
much of the model volume differs between twomodels. Depending
on the interest in the model, other measures might be compared,
for example the total volume of different geological units in the
model. For additional examples, see also [20]. In addition, it could
be possible to evaluate the set of generated models directly with
other types of data or knowledge that were not used in the model-
ing process itself. A typical and commonly used method is the com-
parison of measured gravity at the surface with simulated gravity
ﬁelds (e.g. [12,2,21]. If applied to each of the generated geological
models, a quantitative measure would be obtained to compare the
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additional geological knowledge that is not considered in the
model interpolation, for example further constraints motivated
by geological reasoning on fault offset or layer continuity [30]. A
further path would be the analysis of the different hypotheses in
the framework of Bayesian model selection (e.g. [26] as an interest-
ing scope for further research.
In addition to the formal evaluation of distinct model concep-
tual model hypotheses, our approach is well suited to include anal-
yses of structural uncertainties based on the same principles of
geological modeling. Several methods have recently been devel-
oped for this purpose [16,29,19] and the combination in the
presented framework would be straightforward. Then, we would
not only obtain a set of different model hypotheses, but in addition
a quality estimation for each hypothesis to help guide decisions
based on the generated models.
An essential aspect of our framework is the use of a structural
modeling method that can be automated. We use here a global
model interpolation based on an implicit potential-ﬁeld method
[18,6] that is implemented in a commercial software package
(GeoModeller). In recent years, several geological modeling meth-
ods have been developed that are based on similar implicit model-
ing concepts e.g. [13,7] and they could equally be used in this
framework. In fact, it would be desirable to generate model
hypotheses with the same input data set but different geological
modeling methods in order to evaluate the effect of the modeling
technique itself as a part of a model hypothesis. It has to be noted
that currently existing implicit modeling methods can be too
restrictive for speciﬁc modeling purposes. For example, a follow-
up project on the models shown in our study here evaluated the
details of sediment deposition during the evolution of the Perth
Basin [24] and required manual adjustments using an explicit
modeling technique that cannot be directly implemented in our
presented workﬂow. Similar considerations could still limit the
application to large-scale 3D mapping projects by geological sur-
vey organizations (e.g. [17]. We are, however, conﬁdent that future
method developments and novel data integration concepts for will
extend the use of implicit methods and therefore also the potential
application of the workﬂow presented in this manuscript.
In conclusion, extending on the well-known proverb by Box and
Draper [5] that ‘‘all models are wrong, but some are useful’’, we
suggest that the generation of multiple models, with a clear refer-
ence to the considered data, to the modeling method, and to the
deﬁned modeling parameters will provide a better understanding
of how wrong-or how useful a speciﬁc model hypothesis might
be in the light of the available and used legacy data.Acknowledgements
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Dedicated methods for processing of geological data and the
automation of the geological modeling process were written inthe programming language Python. These scripts are freely avail-
able as part of an open-source project, pygeomod. Using these
scripts is not in any way a requirement to set-up a framework as
the one described in this manuscript, but they might be helpful
for automating often-required steps. Please consider the fact that
these scripts are research code and come without any warranty.
The Python package is currently available on: https://github.com/
ﬂohorovicic/pygeomod.
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